The redox-regulated chaperone Hsp33 is specifically activated upon exposure of cells to peroxide stress at elevated temperatures. Here we show that Hsp33 harbors two interdependent stress-sensing regions located in the C-terminal redox-switch domain of Hsp33: a zinc center sensing peroxide stress conditions and an adjacent linker region responding to unfolding conditions. Neither of these sensors works sufficiently in the absence of the other, making the simultaneous presence of both stress conditions a necessary requirement for Hsp33's full activation. Upon activation, Hsp33's redox-switch domain adopts a natively unfolded conformation, thereby exposing hydrophobic surfaces in its N-terminal substrate-binding domain. The specific activation of Hsp33 by the oxidative unfolding of its redox-switch domain makes this chaperone optimally suited to quickly respond to oxidative stress conditions that lead to protein unfolding.
The redox-regulated chaperone Hsp33 is specifically activated upon exposure of cells to peroxide stress at elevated temperatures. Here we show that Hsp33 harbors two interdependent stress-sensing regions located in the C-terminal redox-switch domain of Hsp33: a zinc center sensing peroxide stress conditions and an adjacent linker region responding to unfolding conditions. Neither of these sensors works sufficiently in the absence of the other, making the simultaneous presence of both stress conditions a necessary requirement for Hsp33's full activation. Upon activation, Hsp33's redox-switch domain adopts a natively unfolded conformation, thereby exposing hydrophobic surfaces in its N-terminal substrate-binding domain. The specific activation of Hsp33 by the oxidative unfolding of its redox-switch domain makes this chaperone optimally suited to quickly respond to oxidative stress conditions that lead to protein unfolding.
Reactive oxygen species develop as unavoidable consequences of aerobic life. Their oxidizing effects on most cellular macromolecules can be deleterious to cells and organisms 1 . Cells have developed effective antioxidant systems to counteract this hazard (for review, see ref.
2). Disruption of the fine balance between oxidants and antioxidants, however, leads to the accumulation of reactive oxygen species and to a condition termed oxidative stress 3 . Oxidative stress conditions have been shown to develop in, and may even cause, numerous physiological and pathological conditions, such as aging, heart disease, diabetes and neurodegenerative diseases 4 .
A growing number of proteins have been identified that are not damaged by reactive oxygen species, but rather use the oxidation state of one or more reactive cysteines to modulate their activity in response to oxidative stress 5 . One such protein is the redox-regulated molecular chaperone Hsp33 from Escherichia coli. Like most E. coli cytosolic chaperones, Hsp33 is under the control of s 32 . Its expression is induced at elevated temperatures and other stress conditions that lead to protein unfolding 6 . Activation of Hsp33's chaperone function requires the presence of reactive oxygen species such as H 2 O 2 and hydroxyl radicals 7 . These are sensed by the thiol-containing zinc center of Hsp33's C terminus 8 . When not under stress conditions, the four invariant cysteine residues of Hsp33, which are arranged in a 232-CXC-234 and 265-CXXC-268 motif, are reduced and coordinate one zinc ion 9, 10 . The presence of this zinc center apparently keeps Hsp33 monomeric and functionally inactive. Upon exposure of Hsp33 to oxidative stress, the nearby cysteines form intramolecular disulfide bonds, inducing zinc release 7, 11 . Large conformational rearrangements and partial unfolding then lead to the dimerization of Hsp33, a crucial step that fully activates Hsp33's chaperone function 7, 12 . The overall activation process of Hsp33 is unusually temperature dependent 7 , and in vivo studies have shown that Hsp33 protects E. coli cells against H 2 O 2 treatment only at elevated temperatures 13 . This specific activation of Hsp33 compensates for the loss of function of DnaK, a major ATP-dependent chaperone foldase and member of the Hsp70 family, which is reversibly inactivated by the same conditions activating Hsp33 (ref. 13) .
Key questions concerning Hsp33's oxidative activation mechanism include how and why Hsp33's activation is restricted to conditions where H 2 O 2 is present at elevated temperatures in vivo. Here we demonstrate that Hsp33's redox switch consists of two interdependent stress sensors, which are both located in Hsp33's C-terminal domain (residues 179-294; Fig. 1 ). These sensor regions confer activation of Hsp33 only when H 2 O 2 stress is combined with protein-unfolding conditions such as heat. Hydrogen peroxide oxidizes the thiolcontaining zinc center (residues 232-294), inducing zinc release and the unfolding of the zinc center. Heat is sensed by regions directly upstream of the zinc-binding domain (residues 179-231), which become thermolabile and open once Hsp33 no longer binds zinc. The unfolding of Hsp33's C terminus exposes large hydrophobic surfaces in the N-terminal substrate-binding domain of Hsp33 and causes the activation of Hsp33. These hydrophobic surfaces are masked in the reduced, inactive state, where zinc association provides the intrinsic scaffold that confers structure and stability to the C-terminal redox-switch domain. We have previously reported that oxidation of Hsp33 at its highly conserved cysteine residues leads to the release of zinc, which causes the unfolding of the zinc-binding domain 12 . To determine whether the lack of Hsp33 activation at 30 1C is due to a lack of zinc release, we used two different assays to monitor the zinc-binding status: a spectrophotometric PAR/PCMB assay, which depends on direct competition for zinc binding between Hsp33's cysteines (Hsp33 red , K a ¼ 2.5 Â 10 17 M -1 ) and the chelator PAR (K a ¼ 2 Â 10 12 M -1 ) 14 and a fluorescence-based assay, which directly monitors zinc binding in Hsp33 (Fig. 2b) . The fluorescence-based assay uses a newly generated Hsp33 mutant protein (Hsp33(W212F Y267W); Supplementary Methods online) with redox regulation and chaperone activity similar to those of wild-type Hsp33 (data not shown). The tryptophan residue is located between Cys265 and Cys268, where it serves as a highly sensitive zinc-binding sensor (Fig. 2b, inset) . Both assays revealed that zinc is completely released from the high-affinity zinc center of Hsp33 within 180 min of peroxide treatment at 30 1C (Fig. 2b) Supplementary Fig. 1 online) . We therefore decided to investigate Light-scattering signal 4 min after addition of citrate synthase is plotted against incubation time; signal in the absence of Hsp33 was defined as 0% activity, and signal with fully active Hsp33 DCCSSS mutant protein (which forms intermolecular dimers during its purification) 7 the oxidative thiol modifications in more detail using mass spectrometry. Because Hsp33 mutants containing only the two N-terminal cysteines, Cys232 and Cys234, still function as redox-regulated chaperones (see below), we decided to primarily focus on the thiol status of these two cysteines in wild-type Hsp33. To visualize the reduced cysteines, Hsp33 red and Hsp33 incubated in H 2 O 2 at either 30 or 43 1C were denatured in urea and treated with the alkylating agent iodoacetamide (IAM). IAM irreversibly binds all reduced thiols and leads to the mass addition of 57 Da per cysteine. In the next step, all reversible thiol modifications present in the Hsp33 preparations, such as disulfide bonds or sulfenic acids, were reduced with DTT. These newly exposed thiol groups were then alkylated with the thiol-reactive reagent N-ethylmaleimide (NEM), which adds 125 Da per cysteine. After this differential labeling process, proteins were digested with trypsin and analyzed by mass spectrometry (Fig. 3 ). Cys232 and Cys234, which are present in a small tryptic peptide (residues 232-236; calculated m/z ¼ 569.7), were modified by either IAM, NEM or both, depending on the original redox status of the proteins. As expected, in Hsp33 red , both Cys232 and Cys234 were labeled with IAM, demonstrating the presence of reduced cysteines prior to differential thiol trapping (observed m/z ¼ 683.8). After 1 h of oxidation at 30 1C, a substantial proportion of Hsp33 molecules were still in the fully reduced form, a result that agrees well with the slow kinetics of zinc release observed at 30 1C (Fig. 2b) . Notably, this Hsp33 preparation also contained an appreciable population of peptides in which only one of the two cysteines was oxidized, while the other one was still reduced (m/z ¼ 751.9). When we incubated this preparation in H 2 O 2 at 43 1C, we found that oxidation at 43 1C rapidly and fully activated this species (data not shown). This result suggests the existence of an Hsp33 oxidation intermediate and not of a dead-end product. We were surprised to discover this intermediate, because H 2 O 2 is thought to oxidize cysteine thiols to highly reactive sulfenic acids, which very rapidly react with nearby cysteines to form disulfide bonds 15, 16 . Thus, the detection of a singly oxidized cysteine suggests that accessibility or reactivity of the nearby cysteine might limit the oxidation process at 30 1C. In contrast, no such intermediates were detectable at 43 1C; under these conditions, both Cys232 and Cys234 (m/z ¼ 819.9) were fully oxidized. This result suggests that elevated temperatures might contribute to the accessibility and/or reactivity of these cysteines. After 3 h of incubation at 30 1C, both cysteines were oxidized, although the nature of this reversible modification (data not shown) could not be identified because of poor peptide ionization, which precludes mass spectrometric detection. This has been observed for other thiol-containing peptides and agrees with our original mass spectrometry studies, where only a very small signal for the disulfidebonded 232-236 peptide was detected 11 . Nevertheless, our identification of an oxidation intermediate shows that the oxidative thiol modifications occurring at 30 1C differ from those at 43 1C and suggests formation of an inactive oxidation intermediate at 30 1C.
RESULTS

Hsp33
Identification of a thermolabile region in Hsp33 ox301C
Ultracentrifugation analysis of Hsp33 red , Hsp33 ox301C and Hsp33 ox431C revealed that Hsp33 red and Hsp33 ox301C sediment as monomers, whereas Hsp33 ox431C sediments predominantly as a dimer (data not shown). These results suggest that temperature-and oxidant-specific rearrangements are necessary prerequisites for Hsp33 dimerization and activation. To obtain insights into the specific conformational changes that occur in Hsp33 upon its oxidation at 43 1C, but not at 30 1C, we compared the secondary structures of Hsp33 red , Hsp33 ox301C and Hsp33 ox431C using CD spectroscopy and analyzed their surface (Fig. 4a, inset) , which is probably the reason for the low affinity of Hsp33 ox301C for unfolded substrate proteins. Furthermore, these results also demonstrate that Hsp33 activation involves major structural rearrangements beyond the unfolding of the redox-sensitive zinc-binding domain originally suggested 12 .
To investigate which stage in Hsp33's activation process might be affected by elevated temperature, we measured the thermal stability of Hsp33. Whereas Hsp33 red is quite thermostable (T m B65 1C; data not shown) and begins to change conformation only at temperatures above 47 1C, Hsp33 ox301C starts to unfold substantially at temperatures above 40 1C, as evidenced by the loss in ellipticity at 197 nm (Fig. 4b) . This result suggests that oxidative stress-induced unfolding of Hsp33's zinc binding domain may destabilize other regions in the protein, which become thermolabile and unfold at physiologically relevant temperatures.
This destabilization is even more pronounced in the cysteine-free variant of Hsp33 (Hsp33 Cys-), which lacks all of Hsp33's highly conserved cysteines and does not coordinate zinc. We found that incubation of Hsp33 Cys-at 43 1C leads to the same structural changes that were observed when wild-type Hsp33 was activated by H 2 O 2 treatment at 43 1C (Fig. 4) . These results explain previous findings that Hsp33 Cys-exerts chaperone activity at 43 1C but not at 30 1C 12 . Furthermore, we observed that active Hsp33 Cys-remains monomeric at elevated temperatures, as determined by analytical ultracentrifugation, and that the conformational changes in Hsp33 Cys-can be fully reversed by decreasing the temperature. These properties contrast with Hsp33 ox431C , which dimerizes upon activation 7 and maintains its conformational changes upon cooling to 20 1C (Fig. 4b, dotted line) 18 . It becomes thermolabile once the redox sensor has been triggered and the zinc-binding domain is unfolded. However, formation of stable Hsp33 dimers, which maintain their crucial conformational rearrangements and activity upon decrease of the temperature, seems to require the correct oxidative cysteine modifications. These oxidative thiol modifications in turn depend on the presence of elevated temperatures during the oxidation process.
Activation requires rearrangements in two distinct regions
To further dissect the structural rearrangements necessary for Hsp33 activation, we analyzed the structural and functional properties of an Hsp33 truncation mutant, Hsp33 1-235 . This mutant spans the first pair of cysteines, Cys232 and Cys234, but lacks more than 95% of the zincbinding domain. Hsp33 1-235 has been described as a constitutively active chaperone 19 , but our functional analysis revealed that Hsp33 1-235 still functions as a redox-regulated chaperone that can be inactivated in the presence of reducing conditions and is readily activated by the exposure to H 2 O 2 at 43 1C (Fig. 5a) . We observed that the remaining cysteine pair rapidly air-oxidizes, which suggests that zinc coordination is important in reducing the reactivity of the cysteines. In the study that reported constitutive Hsp33 1-235 activity, an absence of reducing agents in combination with elevated temperatures (43 1C) probably caused the activation of Hsp33 and led to the conclusion that the truncation mutant is constitutively active 19 .
We found that activation of Hsp33 1-235 is very rapid, lacking the lag phase observed for wild-type Hsp33 (Fig. 2a) . This result agrees with our conclusion above that the lag phase in Hsp33's activation reaction presumably is caused by the oxidation of Hsp33's zinc center, which generates a zinc-free, inactive Hsp33 intermediate. Absence of the zinc-binding domain apparently removes this step from the activation process.
Activation of Hsp33 1-235 was accompanied by marked losses in secondary structure elements and a large increase in surface hydrophobicity (Fig. 5b) . These results indicate that the crucial conformational rearrangements necessary for full activation of Hsp33 take place adjacent to the zinc redox center. Functional analysis of Hsp33 1-235 confirmed the interdependent nature of the dual stress-sensing mechanisms, as incubation of reduced Hsp33 1-235 at elevated temperatures did not activate the reduced Hsp33 1-235 mutant protein (Fig. 5a, inset) . Thus, the zinc center per se does not stabilize the upstream region of Hsp33; rather, presumably, one or both of the thiol groups that remain in the truncation mutant interact with residue(s) in this upstream region. Similarly, incubation of Hsp33 1-235 in H 2 O 2 at 30 1C did not fully activate the mutant protein (Fig. 5) , and we conclude from these data that the two crucial cysteines are not readily accessible unless elevated temperatures unfold additional regions in Hsp33.
Hsp33's linker region might function as a thermosensor
Our structural analysis of the Hsp33 1-235 mutant protein, together with the published NMR spectra of Hsp33 (ref. 12) , suggest that the conformational changes required for the activation of Hsp33 might involve a linker region (179-231) that connects the N-terminal substrate-binding domain with the redox-sensitive zinc center. In inactive Hsp33, this linker region folds on top of Hsp33's N terminus and covers B3,800 Å 2 of largely hydrophobic (B75%) surface area 10, 12 . In active Hsp33, in contrast, most of the C terminus, including the linker region, seems to be unfolded 12 . The a-helical contents of our three Hsp33 preparations are consistent with the hypothesis that unfolding of the zinc-binding domain as well as of the adjacent linker region is necessary for full activation (Supplementary Table 1) . To test this model, we decided to directly monitor the folding state of the linker region using tryptophan fluorescence. We substituted Phe187, which is located at the N-terminal boundary of the linker region, with tryptophan and generated a mutant that contains only one tryptophan, Hsp33(F187W W212F). In the crystal structure of inactive Hsp33, this nonconserved Phe187 residue sits on top of the N terminus with its side chain buried in a nonpolar protein environment 10 . Unfolding of the linker region would probably expose this side chain to the polar solvent, resulting in a red shift in the wavelength of the tryptophan fluorescence 20 .
The purified Hsp33(F187W W212F) mutant had chaperone function similar to that of the wild-type protein (data not shown).
Comparison of the fluorescence spectra of Hsp33(F187W W212F) red and Hsp33(F187W W212F) ox431C revealed that oxidation at 43 1C greatly decreased fluorescence intensity and led to an 11-nm red shift, from 335 nm to 346 nm (Fig. 6a) . Oxidation of Hsp33(F187W W212F) at 30 1C induced only a B2-nm shift in the emission spectra, suggesting that the conformation of the linker region does not substantially change during oxidation at 30 1C (Fig. 6a) . Incubation of reduced Hsp33(F187W W212F) at 43 1C did not change the fluorescence spectrum (data not shown). This is in agreement with our previous activation experiments (Fig. 2a, inset ) and confirms our assumption that the zinc center needs to be unfolded to destabilize Hsp33's linker region.
To gain insight into the kinetics of linker unfolding, we then followed the changes in the tryptophan emission maximum during the oxidation process at 30 1C and 43 1C (Fig. 6b) and compared this to the kinetics of zinc release and activation. At 43 1C, we found that the structural rearrangements of the linker region are substantially slower than the zinc release (Fig. 6b) and closely mirror the activation kinetics monitored at 43 1C (Fig. 2a) , suggesting that linker unfolding occurs only after oxidative stress-induced zinc release. This became even more apparent at 30 1C, where zinc was released with only minor structural changes in the linker region (Fig. 6b, inset) . Both the kinetics and the extent of structural rearrangements correlated very well with the slow and inefficient activation of Hsp33 at this temperature (Fig. 2a) . This result highlights the conclusion that activation of Hsp33 involves conformational changes in two distinct regions of Hsp33, which depend on heat and oxidative stress. (Fig. 6c) . Further increase in the Gdn-HCl concentration only slightly increased the emission maximum, suggesting that 1.5 M Gdn-HCl is sufficient to expose Trp187 to the polar environment but does not fully denature Hsp33 (Fig. 6c) . We therefore investigated whether we could use these denaturing conditions to study the role of protein unfolding in Hsp33's activation process independently of temperature. We incubated wild-type Hsp33 (Fig. 6c, inset) inset). As before, oxidation at 30 1C did not activate Hsp33, whereas incubation at 43 1C led to considerable activation. Incubation of Gdn-HCl-treated Hsp33 in H 2 O 2 at 30 1C was even more efficient than oxidation at 43 1C. Zinc-binding analysis showed that unfolding of the linker region also increased the rate of oxidative zinc release (data not shown). This result excludes the possibility that elevated temperatures indirectly affect H 2 O 2 function-for instance, by changing its redox potential. However, unfolding of the linker region by either elevated temperature or chemical denaturation may increase the accessibility of the crucial cysteines, whose correct oxidative modifications might represent the true rate-determining step in Hsp33 activation.
DISCUSSION
Here, we describe Hsp33 as a molecular chaperone whose full activation requires the simultaneous presence of oxidative and protein-unfolding conditions (for example, heat). This dual stress sensing is conferred by Hsp33's C-terminal redox-switch domain, which consists of a thermolabile linker region and a redox-sensitive zinc center (Fig. 7) . Upon reaction with peroxide at low temperatures, zinc is released and Hsp33's zinc-binding domain unfolds 12 . Under these conditions, Hsp33 remains in its monomeric, inactive state with a closed linker region. To fully activate Hsp33, the simultaneous input of H 2 O 2 and unfolding conditions is necessary. Thiol-trapping experiments suggest that unfolding conditions contribute to the formation of the activating oxidative modifications and that Hsp33 ox301C lacks this oxidative signature. This suggests that either the reactivity or the accessibility of at least one of the cysteines becomes rate determining in the activation process at 30 1C but not at 43 1C. Unfortunately, all solved crystal structures of full-length Hsp33 show Hsp33 as a dimeric protein 10, 19, 21 . Therefore, we are unable to predict the structural environment of these cysteines in monomeric Hsp33. We can also not fully exclude the possibility that modification of other, non-thiol amino acids might contribute to Hsp33's activation. However, the observation that oxidative activation of wild-type Hsp33 is largely reversible upon treatment with thiol-reducing agents makes this possibility highly unlikely. On the basis of our structural and functional findings, we developed a model that explains the interdependent nature of Hsp33's dual stress sensing functions in vitro and in vivo (Fig. 7) . In the absence of oxidants, the zinc center is fully folded (closed state) and the linker region is thermostable (T m Z 65 1C). Reduced Hsp33 will not unfold the linker region at heat-shock temperatures and hence will not activate its chaperone function. This emphasizes the importance of the zinc center for the thermostability of the reduced, inactive protein.
Conversely, oxidative stress causes zinc release and primes the protein for activation by destabilizing the linker region (open state). However, as long as no other stress conditions arise that cause protein unfolding, the linker region remains buried in the hydrophobic surface. Upon exposure to unfolding conditions, the conformational changes in the linker provide access to the first two cysteines of Hsp33's zincbinding site. Oxidative modification of these cysteines fully opens the linker region, which allows Hsp33 to dimerize and remain stably activated even at low temperatures, until restoration of normal conditions (Fig. 7) .
What prevents Hsp33's unfolded C terminus from binding to its own substrate-binding sites and thereby competing out other unfolded substrate proteins? We assume that is the hydrophilic character of the redox-switch domain, which contains only a few hydrophobic residues and a large number of charged residues (pI ¼ 4.16). These are classical features of proteins that adopt disordered structures in vitro and presumably also in absence of their folding scaffolds in vivo 22 . Fold-prediction programs such as FoldIndex 23 agree with this assumption and predict that the C-terminal 110 residues in Hsp33 are disordered in the absence of zinc (Supplementary Fig. 2 online) . Natively unfolded (disordered) proteins constitute a growing class of proteins, which are involved in regulation of important cellular processes, including cell cycle and signal transduction (for review, see ref. 24) . Whereas protein unfolding serves as trigger and activator of Hsp33's chaperone function, most other proteins are inactive when unfolded. Their folding requires interaction with specific partner proteins, nucleic acids or membranes, which provides the necessary binding enthalpy to drive the entropically costly folding process 22 . In Hsp33, folding of the C terminus is apparently triggered by reduction of its cysteines. It is conceivable that Hsp33's high-affinity zinc binding (K a ¼ 2.5 Â 10 17 M -1 ) provides the energy to drive the folding of the zinc center 25 . Reassociation of zinc would then generate reduced Hsp33 dimers, which are still active and stabilized by substrate binding 26 . Once the substrate proteins were released, the linker region would refold using its own N-terminal substrate-binding region as a folding scaffold, returning the chaperone to its inactive state.
The sensor regions present in Hsp33 have individual uses in other redox-regulated proteins (for example, RsrA) or temperatureregulated chaperones (for example, GrpE and Hsp26) [27] [28] [29] Figure 7 Schematic model of Hsp33's activation process. Upon oxidation of Hsp33 at 30 1C, zinc is released and the zinc center (a-helices [8] [9] [10] unfolds. This unfolding is apparently not sufficient to activate the chaperone function, but generates an oxidation intermediate of Hsp33 (shown in brackets), which is presumably only very transiently populated during oxidation at 43 1C. Upon exposure to oxidizing and unfolding conditionsfor example, H 2 O 2 at elevated temperature-the complete C terminus (a-helices 5-10) converts to a natively unfolded protein. These extensive conformational rearrangements lead to the exposure of hydrophobic surfaces, presumably on the N-terminal substrate-binding domain of Hsp33, and allow Hsp33 to dimerize.
to Hsp33, however, these proteins are regulated by only a single stress signal and therefore require only a single stress sensor. Hsp33 apparently needs to sense two signals simultaneously and therefore has developed two stress sensors that act interdependently. This model seems to make sense in a physiological context, because peroxide stress induced by H 2 O 2 concentrations as high as 4 mM does not cause any appreciable protein aggregation in vivo (Supplementary Data and Supplementary Fig. 3 online) . Therefore, activation of such a potent chaperone holdase as Hsp33 is not required under these conditions. Once oxidative stress is combined with elevated temperatures, however, protein aggregates rapidly accumulate in bacteria (Supplementary Fig. 3 ). Under these conditions, the presence of activated Hsp33 as ATP-independent chaperone holdase becomes essential, because ATP-dependent chaperones such as DnaK are incapacitated by the oxidative stress-induced decrease in intracellular ATP levels 22 . At the same time, Hsp33 transcription is massively upregulated as part of the heat-shock response, further contributing to Hsp33's protection of unfolding proteins 6, 22 .
METHODS
Strains, plasmids and proteins. Details of plasmid and strain generation can be found in Supplementary Methods. Wild-type Hsp33, Hsp33 1-235 , Hsp33(F187W W212F) and Hsp33(W212F Y267W) were all purified in the absence of reducing agents as described for wild-type Hsp33 in ref. 8 . All reactions were carried out in 40 mM potassium phosphate buffer (pH 7.5) unless mentioned otherwise.
Preparation of Hsp33 red , Hsp33 ox301C , Hsp33 ox431C and apo-Hsp33. Reduced, zinc-reconstituted Hsp33 (Hsp33 red ) was prepared as described 7 . To prepare oxidized Hsp33, 50 mM Hsp33 red was incubated in 2 mM H 2 O 2 either at 30 1C for 3 h (Hsp33 ox301C ) or at 43 1C for 1 or 3 h (Hsp33 ox431C ). No appreciable difference was observed between the 1-h and 3-h oxidation reactions at 43 1C. Oxidants were removed using NAP-5 columns. To investigate the influence of Gdn-HCl on the activation of Hsp33, 7 mM Hsp33 red was incubated for 60 min in 1.5 M Gdn-HCl and 2 mM H 2 O 2 at 30 1C. Oxidants and Gdn-HCl were removed using a NAP-5 column. Zinc-free (apo) Hsp33 was prepared as described 25 in 40 mM potassium phosphate buffer (pH 7.5).
Hsp33 chaperone activity assay. Citrate synthase (12 mM; Roche Applied Sciences) was denatured in 4.5 M Gdn-HCl in 40 mM HEPES-KOH (pH 7.5) for 90 min at room temperature. To initiate aggregation, denatured citrate synthase was diluted to a final concentration of 75 nM into prewarmed HEPES-KOH (pH 7.5) buffer at either 30 or 43 1C under constant stirring. To test the activity of Hsp33, the buffer was supplemented with 0.3 mM Hsp33 at 30 1C or 0.45 mM at 43 1C. Light scattering was monitored at excitation (l ex ) and emission (l em ) wavelengths of 360 nm using a Hitachi F4500 fluorescence spectrophotometer equipped with thermostated cuvette holder and stirrer.
Determination of oxidation-induced zinc release. To monitor fluorescence quenching during zinc release, 50 mM Hsp33(W212F Y267W) red was incubated with 2 mM H 2 O 2 at either 30 or 43 1C. l ex was set to 295 nm and the relative intensity of emission at 347 nm was recorded every 3 min using a Hitachi F4500 fluorescence spectrophotometer. The excitation and emission slit widths were set to 2.5 and 5 nm, respectively. At various time points, aliquots were removed and the proportion of free and protein-bound zinc was determined using the PAR/PCMB assay very similar to one described 7 , except that thiol bound zinc was released with para-chloromercuribenzoic acid (PCMB, ICN Biomedicals) instead of PMPS, which is no longer commercially available. To prepare zinc-free apo-Hsp33(W212F Y267W), 3 mM Hsp33(W212F Y267W) was incubated with 1 mM N,N,N¢,N¢-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) at 30 1C for 3 h.
Mass spectrometric analysis of the thiol status of Hsp33. Thirty microliters of 50 mM Hsp33 red , Hsp33 ox301C or Hsp33 ox431C was precipitated with 10% (w/v) trichloroacetic acid. Pellets were resuspended in 20 ml of DAB buffer (6 M urea, 200 mM Tris-HCl (pH 8.5), 10 mM EDTA, 0.5% (w/v) SDS) containing 100 mM IAM for 1 h under vigorous shaking. The proteins were then precipitated again with TCA (10% w/v) and resuspended in 20 ml DAB buffer supplemented with 10 mM DTT to reduce all existing oxidative thiol modifications. After 1 h at 25 1C, 20 ml of 50 mM NEM was added and all newly accessible thiol groups were alkylated for 1 h at 25 1C. All small molecules were removed with C-18-reversed phase material deposited in gelloader pipette tips (Millipore). Tryptic digests of Hsp33 and MALDI-MS/MS analysis of the peptides were conducted at the Michigan Proteome consortium (http://www.proteomeconsortium.org).
Bis-ANS fluorescence. To test for the presence of hydrophobic surfaces in wildtype Hsp33 and Hsp33 1-235 , the fluorescence probe bis-ANS (Molecular Probes) was used as described 12 .
Fluorescence measurement and zinc release of Hsp33(F187W W212F). To monitor changes in fluorescence emission of Hsp33(F187W W212F) upon H 2 O 2 -induced oxidation, 50 mM reduced Hsp33(F187W W212F) was incubated in 40 mM potassium phosphate (pH 7.5) at 30 or 43 1C. The reaction was started by the addition of 2 mM H 2 O 2 . l ex was set to 295 nm and emission spectra were recorded from 300 to 400 nm every 3 or 6 min, respectively (slit widths: 2.5 and 5 nm). The shutter was closed between measurements to minimize photobleaching and UV-induced hydroxyl radical formation. At various time points, aliquots were removed and the proportion of free and proteinbound zinc was determined using the PAR/PCMB assay (described above).
Equilibrium denaturation experiment. To monitor the stability of Hsp33(F187W W212F), 3 mM of Hsp33(F187W W212F) was incubated in 0-6 M Gdn-HCl and 40 mM potassium phosphate (pH 7.5) for up to 24 h at 25 1C (supplemented with 5 mM DTT). Equilibrium was reached within 60 min of incubation. l ex was set to 295 nm and fluorescence emission spectra were recorded from 305-390 nm. The emission and excitation slit widths were 5 and 10 nm, respectively. The emission maximum was calculated for each concentration of denaturant by applying a Gaussian fit to each fluorescence emission spectra (SigmaPlot).
Far-UV circular dichroism spectroscopy. Far-UV CD spectra of Hsp33 and its derivatives (7 mM) were recorded in 20 mM potassium phosphate (pH 7.5) at either 30 or 43 1C using a Jasco J-810 spectropolarimeter as described 12 . To determine the thermostability of Hsp33, the CD signal at 197 nm was recorded at increasing temperatures. A scan rate of 11 min -1 was used. The temperature was controlled with a Jasco Peltier device.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
